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LiCoO2 is the most widely used cathode material for Li-ion batteries. However, the structural changes and cobalt dissolution into the
electrolyte during cycling will lead to rapid capacity fading. Recently, surface modification of the cathode material with metal oxides is found
to be a potential approach to improve the electrochemical properties. In this study, nano-crystallized ZnO was coated on the surface of
LiCoO2 powders via a wet chemical method. The influence of the amount of coated ZnO on cycling behavior of surface-treated LiCoO2
powders was discussed. Moreover, the effect of the pristine-modified powders on the structural properties was also evaluated. The surface
morphology characterization was achieved by scanning electron microscope (SEM). Nano-crystallined ZnO was clearly observed on the
surfaces of LiCoO2 particles. The phase and structural changes of the cathode materials before and after coating were revealed by X-ray
diffraction (XRD). It was discovered that LiCoO2 cathodes deposited with different amount of ZnO exhibited distinct surface morphology
and lattice constants. From the correlation between these characteristics of bare and coated LiCoO2 powders, the role of ZnO coating played
on the electrochemical performance of LiCoO2 was probed.
D 2004 Elsevier B.V. All rights reserved.
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Recently, the manufacture of lithium-ion rechargeable
batteries has captured a large part of the market of energy
sources for mobile electronics and improved materials.
For the cathode materials, LiCoO2 is extensively studied
and applied, owing to its high energy density and good
cycleability. It belongs to the rhombohedral a-NaFeO2
structure, with Li in the 3a sites, Co in the 3b sites and O
in the 6c sites. During cycling, the c axis of Li1xCoO2
expands about 2.6% after delithiation up to x=~0.5, thus
the structure changes from hexagonal to monoclinic [1,2].
Subsequent Li+ intercalation leads to the reversed trans-
formation which occurs between 4.15 and 4.2 V for Li/
LiCoO2 cells. Structural stability and cycleability of
LiCoO2 is rather good under this potential limit. However,0040-6090/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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voltage under 4.2 V (b140 mAh/g) is much lower than
the theoretical value (274 mAh/g), hence the cells have to
be charged above 4.2 V to improve the electrochemical
performance. Under such a high charge potential, how-
ever, the large variation of c axis is no longer negligible,
and the structure tends to be unstable. The substantial
structural alteration leads to serious cracks within the
LiCoO2 particles and dramatical capacity fading on
cycling [2,3]. On the other hand, serious oxidation of
Co3+ to Co4+ and a great deal of cobalt dissolution into
the electrolyte owing to the overcharging at high voltage
also deteriorate the cycleability of cells [4,5]. To improve
the electrochemical properties of LiCoO2 at high charge
potential, metal ion-doped cathode is expansively studied.
Substitutions of Al [3], Mg, Sn [6], Cu, Mn, Fe and Zn
[7] into the 3b sites for Co have been reported to enhance
the structural stability during charge and discharge.
However, the capacity fading is still considerable, and70 (2004) 361–365
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limited. Recently, it is testified that surface chemistry and
surface reactions of LiCoO2 strongly affect its electro-
chemical performance [4], especially at high cutoff
voltage. Hence, surface modification of LiCoO2 by
Al2O3 [1,8–10], AlPO4 [11], SnO2 [10,12], MgO
[10,13] and other metal oxides [1,14] has been widely
investigated.
Recently, Sun et al. have reported that ZnO coating is
beneficial for capacity retention of spinel-phase cathodes
[15,16]. In this study, ZnO was coated on surfaces of
commercial LiCoO2 powders to improve the electro-
chemical performance of layered cathodes. The effect of
ZnO contents coated onto LiCoO2 powders on the
surface chemistry of the cathode was investigated. The
correlation between quantities of deposited Zn2+ and the
capacity fading during cycling of Li/LiCoO2 cells was
discussed.Fig. 1. SEM images of various LiCoO2 samples. (a) uncoated, (b) 1-ZnO
and (c) 4-ZnO.2. Experimental details
Pristine LiCoO2 powders were fabricated by solid-state
reaction. For coating ZnO on the LiCoO2 surface, zinc
acetate [Zn(CH3COO)22H2O, J.T. Baker, 99.6%] was
dissolved in the methanol. Commercial LiCoO2 powders
were added into the coating solution and then stirred at
room temperature for 4 h. To compare the influence of
concentration of Zn2+ in the coating solution on the
electrochemical properties of surface-modified LiCoO2, the
volume of coating solution was fixed, while the amount of
Zn2+ was varied from 0.5 to 4.0 wt.% of the LiCoO2
powders. After coating, the LiCoO2 powders were dried at
110 8C for 1 day and calcined at 400 8C for 5 h in flowing
air.
The crystal structure and lattice constant of pristine and
coated LiCoO2 were revealed by X-ray diffraction (XRD;
Rigaku, D/Max-B, Japan) operated at 40 kV and 30 mA
from 15 to 70 8C with a wavelength of CuKa (k=1.5406
2). An inductively coupled plasma-atomic emission
spectrometer (ICP-AES; Perkin Elmer, Optima 3000DV,
USA) was used to evaluate the amount of ZnO deposited
on the LiCoO2 powders. Surface morphology of the
LiCoO2 coated by the above process was very different
from that of the pristine ones. The variation was disclosed
by using a scanning electron microscope (SEM; JSM-
6500F, JEOL, Japan), and the accelerating voltage was
controlled at 15 kV (Fig. 1). The electrochemical behavior
of LiCoO2 powders was examined by two-electrode test
cells consisted of a cathode, metallic lithium anode,
polypropylene separator and an electrolyte of 1 M LiPF6
in EC/DEC (1:1 vol.%) [17]. The cathode was prepared by
coating the slurry containing 94 wt.% LiCoO2 active
materials and 6 wt.% mixtures of PVDF binder and carbon
black on an aluminum foil followed by drying at 130 8C
for 12 h. Fabricated cells were cycled at the rate of 0.1 Cfor the first cycle and then 0.2 C after the second cycle
between 3.0 and 4.5 V.3. Results and discussion
3.1. Quantities and morphology of deposited ZnO
The ICP-AES analyzed concentration of Zn2+ deposited
on LiCoO2 is recorded in Table 1. The nominal composition
of ZnO in the initial design for synthesis is also listed in
Table 1. With the concentration between these two values, it
Fig. 2. XRD patterns of pristine and ZnO-coated LiCoO2 powders.
Table 1
ICP-AES results of ZnO-coated LiCoO2 powders
Sample
designation
Zn2+ (wt.%)
Nominal concentration
synthesisa
ICP-AES derived
concentration
1-ZnO 1.0 0.108
2-ZnO 2.0 0.206
4-ZnO 4.0 0.483
a The concentration is evaluated with respect to pristine LiCoO2.
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adopted process. Fig. 2 reveals the surface morphology of
LiCoO2 before and after ZnO coating of different quantities.
It appears that the surfaces of pristine LiCoO2 powders are
very smooth. After coating, ZnO nanoparticles are attached
on the LiCoO2 matrix surface, and ZnO particle size
increases with Zn2+ concentration in the coating solution.
For instance, ZnO particle size of sample 1-ZnO is 18 nm in
average and that of 4-ZnO is around 45 nm. It is interesting
to point out that distribution of these ZnO particles is very
unique in contrast to other reports in literature [16]. These
nanoparticles gather on some specific planes flatter in shape
rather than uniformly disperse on the particles. As concen-
tration of Zn2+ increases, the amount of Zn2+ ions leads to
the growth of zinc oxides on these specific planes and
almost covers the whole area. However, planes of other
orientations remain smooth and free of ZnO particles. This
is probably because some residual anions (ex: CO3
2, etc.)
were attached to these planes during production of pristine
LiCoO2 powders. When aging LiCoO2 in the coating
solution, most of the Zn2+ anions were attracted on these
planes so that ZnO nucleated and grew mostly on these
surfaces.
3.2. Structural properties
Fig. 2 shows XRD patterns of the pristine and ZnO-
coated LiCoO2 powders. It is observed that ZnO coating
does not change the structure of LiCoO2. All the samples
have a well-defined a-NaFeO2 structure with no minor
phases. Distinct splitting of (006)/(102) and (108)/(110)
peaks is observed in these patterns. This indicates that metal
and oxygen atoms are perfectly layered before and after
surface modification [18].
It is reported that capacity fading of solid solution of
LiCo1xAlxO2 is rapid [3], while Al2O3-coated LiCoO2
shows largely improved cycleability [1,8–10], owing to the
formation of LiCo1xAlxO2 near the particle surface.
Similar situation might occur in the ZnO system. Although
the XRD pattern in Fig. 2 reveals that the pristine LiCoO2 is
single phase, a small amount of Co4+ ions are speculated to
exist in the Co sublattice and be compensated for by
vacancies. After coating and firing, Zn2+ may occupy these
interstitial sites and form the solid solution of
LiCo1xZnxO2, which is reported to have inferior capacity
retention on extend cycling [3]. Because the precursor iscalcined at relatively lower temperature for a shorter period,
the solid solution should form only new surface region of
particles. To realize if LiCo1xZnxO2 exists in the modified
samples, lattice constants are calculated from the XRD
patterns and shown in Fig. 3 as a function of deposited Zn2+
concentration. It is clear that the lattice constants a, c and c/
a ratio of samples 1-ZnO and 2-ZnO are almost identical to
those of uncoated LiCoO2. This confirms that Zn
2+ ions
exist in the form of ZnO coating in the two coated samples
rather than LiCo1xZnxO2. However, as Zn
2+ concentration
increases to 0.48 wt.% (sample 4-ZnO), the c axis greatly
contracts, and the c/a ratio abruptly reduces. One of the
similar cases is SnO2-coated LiCoO2 in which the solid
solution of LiCo1xSnxO2 appears near the surfaces after
heat treatment at 400 8C with higher c/a ratio [12]. At
higher temperature, the Sn distribution becomes more
uniform throughout the particles, and the c/a ratio decreases.
It is concluded that diminution of the value is due to the
lower Sn concentration near the surfaces at higher temper-
ature so constants a and c are affected by the Sn surface. In
this study, the cause of c-axial shrinkage is probably owing
to the considerable quantities of ZnO gathered on LiCoO2
surfaces or the formation of LiCo1xZnxO2 solid solution.
The reason for the above argument is that, if the
contribution of ZnO densely covering on specific surfaces
is sufficient to influence the evaluated lattice constants, the
decrease in the derived c value is possible because the c axis
of ZnO lattice is much shorter than LiCoO2. As for the latter
  
Fig. 3. Lattice constants and I003/I104 of pristine and ZnO-coated LiCoO2 powders calculated from XRD patterns as a function of deposited Zn
2+ concentration.
Fig. 4. Cycling behavior of uncoated and ZnO-coated LiCoO2 powders.
Scan rate=0.1 C at the 1st cycle and 0.2 C after the 2nd cycle, cutoff
voltage=3.0–4.5 V.
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as described above [12], the mechanism of c/a decrease is,
however, different. It is argued that when Zn2+ cations
diffuse from the coating layer into Co sublattice and occupy
the 3b interstitial sites, some 3a Li+ cations will be attracted
to the 3b sites for charge compensation and leads to higher
degree of cation mixing. The disordering is expected to
cause structural instability of LiCoO2 and reduce the c/a
ratio of sample 4-ZnO.
On the other hand, cation mixing also leads to inferior
capacity because 3b Li+ ions are electrochemically inactive.
The intensity ratio of (003) to (104) shown in Fig. 3 is
known to be closely related to the degree of cation
disordering in the doped LiCoO2 crystals [19]. Inasmuch
as lower I003/I104 ratio corresponds to higher degree of
cation mixing, the above argument on diminution in c/a
ratio is evident. Hence, excessive coating on LiCoO2 will
lead to the formation of LiCo1xZnxO2 solid solution
through interdiffusion of Zn2+. No matter which mechanism
dominates, it is convincing that both decreasing c/a and
I003/I104 ratios are associated with poorer layered character-
istics and consequently result in worse capacity fading [18].
From the viewpoint of structural stability forecasted from
variation of the lattice constants, sample 2-ZnO is expected
to have the best cycleability, while the sample 4-ZnO is the
worst one.
3.3. Electrochemical properties
The difference in cycling behavior of pristine and
modified LiCoO2 powders is shown in Fig. 4. The testcells were cycled at a 0.1-C rate on the first cycle to
activate the cathode materials and then at a 0.2-C rate after
the second cycle between 3.0 and 4.5 V. The profiles show
that although the initial discharge capacities of ZnO-
modified LiCoO2 powders are slightly lower than that of
the uncoated one, the superiority of ZnO coating is still
notable. From the previous discussion, adjustment in the
amount of coated Zn2+ on LiCoO2 is a key factor for
improving the capacity retention because the electro-
chemical performance is strongly related to the surface
composition and crystal structure. Coating less amount of
Fig. 5. Capacity loss of test cells after 30 cycles as a function of deposited
Zn2+ concentration.
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However, if too much Zn2+ ions exist on LiCoO2 surfaces,
the capacity drops abruptly, owing to not only the
diminished layered properties but also the more serious
cation mixing of LiCoO2.
Fig. 5 shows the correlation between capacity losses after
30 cycles and the concentration of deposited Zn2+. The most
appropriate concentration of Zn2+ with respect to the
electrochemical performance is around 0.2 wt.% (sample
2-ZnO). The capacity loss for 2-ZnO after 30 cycles
(10.4%) is only one-third of that for the pristine LiCoO2
(30.6%). As a result, the capacity fading rate is greatly
reduced. Comparing Fig. 5 with Fig. 3, it is evident that the
tendency in cycleability of the four cathodes covered by
different amount of Zn2+ matches very well with the
tendency in the I003/I104 ratio, which increases with longer
cycle life.4. Conclusion
The cycling behavior of commercial LiCoO2 cathode is
improved by coating ZnO nanoparticles on the surfaces.
The amount of Zn2+ deposited on the cathode particles is
well controlled by adjusting the synthesized concentration
of Zn2+. It is demonstrated that the ZnO contents
significantly influence the capacity and cycleability of
coated LiCoO2. The most appropriate concentration of
coated Zn2+ is about 0.2 wt.%, which exhibits less capacity
fading than the pristine LiCoO2 between 3.0 and 4.5 V.However, excessive quantities of Zn2+ ions lead to worse
cycling performance and lower capacity at the high
potential range. The electrochemical behavior is in good
agreement with structural information revealed by calcu-
lating lattice constants of LiCoO2 lattice from XRD
patterns. The c-axial shrinkage and lower peak ratio of
(003) to (104) of high ZnO-concentration-coated LiCoO2
lead to structural instability during cycling and a lower
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